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The Playground of Nuclear Physics

What can we learn on nuclear
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Nuclear Ground State Properties
by Atomic-Physics Techniques

*  MASS nuclear binding energy
*  NUCLEAR HALF-LIFE decay rates

* HYPERFINE STRUCTURE
1. Hyperfine Interaction

J+I=F nuclear spin
2. Magnetic Dipole HFS
A = p, <H(0)>/1 J nuclear magnetic moment
3. Hyperfine anomaly change of distribution of nuclear

1A2={(A,/9,)/(A,/g9,)}-1 magnetism between two isotopes

4. Electric Quadrupole HFS
B = e, Q. <0,(0)> spectroscopic quadrupole moment

* ISOTOPE SHIFT

Finite Size Effect
S <r2>AA change of ms charge radius
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Nuclear Ground State Properties
by Atomic-Physics Techniques

*  MASS nuclear binding energy

This information is model-independent.

This information is the most basic one and
should be known for each nucleus.

Neaed 1A 100 VMITA I 1%=1 = MANNATIGIM NATWAAN TWN ISNTNNAS

Presently, only optical isotope shift measurements
give access to the charge radii of radionuclides.

Finite Size Effect
& <r2>AA change of ms charge radius
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of the Energy-Deformation Curve can be

mass — depth of minima

isotope shift—|B2| = size of deformation
isomer shift — &8|B2| = difference in deformation
quadrupole moment =  sign of deformation

spin- } single-particle properties
magnetic moment =

EA

185Hg

<€ >
Potential Energy Surface for '%Pb -B oblate 0 prolate +f

A. Andreyev et al., Nature 405 (2000) 430 [
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ison: Charge Radii — Nuclear Binding E

The sensitivity of mass spectrometry and optical spectroscopy
(spin, moments, charge radii) to nuclear structure effects.

Examples : Charge radii of Rb and Hg isotopes versus mass information
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Rev. Mod. Phys. 75 (2003) 1021
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Laser Spectroscopy of Radionuclides at Accelerators or Reactors

RIS
MOT

(Anti-H)
CERN

e operating facilities e facilities under construction or test
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How Sensitive is Optical Spectroscopy?

o) A2 ~ 1019 cm? = 10" barn

photon absorption ~ photon

= useful thickness of target: < 109 atoms/cm? or < 1pg/cm?

power of tunable cw dye laser ~ 100 mW ... 1 W

= flux of photons ~ 10'7 ... 10!8/(s-cm?) = up to 108 excitation/(s-atom)

“in principle” only 1 atom sufficient

First demontrarion: Ba* stored in an ion trap

1470 nm

N

(Toschek, Dehmelt, Neuhauser et al.) R.G.Voe et al., PRL 76 (1996) 2049
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uclear Charge Radii of Halo Nuclei

Nuclear Radius [fm]

Proton-Halo

3,5 1 =

“Li

2,5 - . Li .

°Li

6 8 10
Mass [amu]

|. Tanihata et al.

Li

One-NeutronHalo

/,/"'\

What is the charge radius ?

6Li - 7Li:
mass shift ~ 11 GHz
volume shift ~ 1 MHz

Yan, Z.-C. and G.W.F. Drake, PRA 66, 042504 (2002)
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ear Charge Radii of Lithium Isofc

2-7 T | I |

r (fm)

Li Isotope

R. Sdnchez et al., PRL 96, 033002 (2006)
Nature Physics 2, 145 (2006)
M. Puchalski et al,, PRL 97, 133001 (2006)

Cts /220 s

6360 6370 6380 6710 6720 6730
Beat Frequency (MHz)

Experiment
~-@- |sotope Shift

(this experiment, 2004)

~—o-- ab initio No-Core Shell Model
< Large-Basis Shell Model

(P. Navratil 2003, 1998)

- Greens-Function Monte Carlo

(S. C. Pieper 2001/2002)

---z--- Stochastic Variational Multi Cluster

@

(Y. Suzuki, 2002)

- Fermionic Molecular Dynamics
(T. Neff, 2005)

- Dynamic Correlation Model
(M. Tomaselli, 2002)
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Polarization by Detection of
optical pumping B-asymmetry

—
X B, X
[
guiding field & A g T

PRI X |

scintillator
rf coil

Be crystal

Retardation Charge -

lon beam Exchange
from ISOLDE

NMR setup
Photon
counting
Spin & magnetic moment : E. Arnold et al., PL B 197 (1987) 311
Spectroscopic quadrupole moment: First round: E. Arnold et al., PL B 281 (1992) 16

Second round: R. Neugart, 6. Neyens et al. (to be published)
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ction of a Single °®He Atom at Argc

He energy level diagram

33P012 t=95ns 12 T T T T T
a oo MRz 2 ol One ®He atom |
389 nm ‘E 0sl ﬁ |
2 3P 1=102 ns = [
0.1.2 2 =16 MHz S 06} -
3 i
1083 nm SR '
2 _ _
£ 02 it
23S, - Metastable (~ 2 hrs) o WW ]
: 00—
: 19.82 eV, e-collision 0 5 10 15 20
i (<63nm) B Time (s)
11S, v

Capture efficiency: ~ 10 — single atom detection necessary!
Single-atom signal: ~ 1.0 kHz

Single-atom S/IN: ~10in 100 ms

He capture rate: ~ 150 per hour
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ear Charge Radius of Heli

-
PRL 99, 252501 (2007) PHYSICAL REVIEW LETTERS o

S

Nuclear Charge Radius of *He
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nning Trap Techniques for Mass Determinatic

- el
Precision Pennlng frap

determination of cyclotron resonance’
isomer separation L

' separat|on

Penning Trap mass spectrometer ISOLTRAP
at ISOLDE




Penning Traps at Accelerators for Mass Spectrometry

ISOLTRAP
ATRAP

¢ operating facilities e facilities under e planned facilities

construction or test s
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How Sensitive is Radiofrequency Spectroscopy in Traps?

Cyclotron resonance signal of about 100 stored 2C>* ions
Aveyum ® 2.5 kHz
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e is Radiofrequency Spectrosco

Cyclotron resonance signal of 20 - 2 stored 2C>* ions
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itive is Radiofrequency Spectroscop

Cyclotron resonance signal of a single 12C>* ion

N - - 9
AVFWHM ~ 20 mHZ > R - 10
1,2 uV [ _ 5t . 5
- single C™ -ion
T 10uV [ -
2
C 08UV .
0 s
£ 06wV < Avg = 20 mHz -
O i i
(&)
' 04pVvr .
O - | |
<3} L .
0,0 lJV ) | ) | ) | )
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itive is Radiofrequency Spectroscop

Coulomb interactions and relativistic
shifts cause line broadening:

With 100 ions present in the trap, the resolving power is only 10%.
With one ion present in the trap, a resolving power of 107 is achieved.
Cooling is required for eliminating relativistic mass shifts.

By performing the experiment with only one ion
distortions by Coulomb interaction are avoided.

Radiofrequency spectroscopy has single-ion detection efficiency.

[
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ease of the Accuracy of Mass Spect
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Mass Measurement of Helium-6 at TITAN @ TRIUMF
November 2007
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400 MISTRALO3
350; Kobayashi et al. TIT}.&NOT%
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< : Young et al.
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150 "+ Thibault et al. Preliminary:
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TITAN(stat) 8m = 0.55 keV

-100 = 0 50 100
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J. Dilling et al., private communication
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An Appeal to the Theoreticians

Theoreticians should try to fit all model-independent properties at
the same time (spin, magnetic moment, quadrupole moment, charge
radius and binding energy), and not separately as it is usually done.

Presently, each nuclear property of the lithium isotopes is
reproduced best by a specific, but different theory.

The lithium isotopes should be good testing objects for theory.

There is another model independent quantity
which is very difficult to determine:

the hyperfine anomaly

But the experimental effort makes only sense if
theoreticians really try to predict it.
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-Accuracy Measurement of Magnetic HFS Spi

and g, in Traps — Hyperfine Anomal

Bohr-Weisskopf effect: A = A, (1+epy)
change of magnetic hfs interaction due to finite nuclear size

hyperfine anomaly: 1A2={(A,/g,)/(A./g,)} -1 ~¢,—¢,
change of distribution of nuclear magnetism between two isotopes

For an experimental gr determination of Eu-148 in a Penning trap
accuracy for the hyperfine sy _]Lrﬁff?ﬂnff:{ffgé |
anomaly !AZ of about e . o e
10-2 - 10-* the A-factor E BT L memd O e
and g; must be determined g 10 e ) " Toees
with an accuracy of about I e
10_5 -10—6 ‘ E 13000
= 12750
This is possible but very 12500
demanding. i 2(;?rfrquenz+41"’:’,09 015 [kHz] N

A-factors: 10-'2 in Paul traps
g,-factors: 5¢10-7 in Penning traps
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Where are the Limits?

The (extreme) halo nucleus lithium-11defines the
present boundary conditions:

Very short half-life: 9 ms

Very small volume effect of IS: 30 kHz relative to SLi
Very large mass effect of IS: 11 GHz relative to °Li
Very small magnetic HF interaction: 900 MHz

Very small electric HF interaction: 22 KHz

High cyclotron frequency (g/m = 0.3) 6 MHz

Production yield:

1,000/s at ISOLDE (1.6 yA 1.4 GeV protons)
30,000/s at TRIUMF (40 pA 0.5 GeV protons)
~100,000/s at MYRRHA (100-200 uA 0.5 GeV protons)
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What will be Accessible at a MYRRHA ISOL Facility?

Atomic physics experiments are able to deal with 1 ion at a fime.

A production yield of 1 ion per second is sufficient for atomic physics
experiments.

All radionuclides available at ISOL facilities can be investigated by
atomic physics techniques, even those with the shortest half-life.

Of course, long beam times are required at yields approaching 1 ion/s
or below.

A dynamic range of about 5 orders of magnitude corresponds to up to
about 5 isotopes at the steep slopes on the neutron-rich and neutron-
deficient side of the production curve.
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Some Remarks

An optical experiments is special for each elements. To prepare the atom
or ion for an ambitious experiment is a lot of work and takes time.
Examples: The development of the technique to measure the charge radii
of lithium isotopes took 7 years. This is the time scale also for other
precision experiments (antihydrogen, WITCH, EDM, parity, Fr, Raq, .....)

Atomic physics experiments can be prepared in most cases by use of
stable isotopes at the home laboratory. However, some essential features
(signal-to-background, systematic errors) can only be checked on-line.

Alkali atoms confined in laser traps for neutral atoms and alkali earth
ions confined in Paul and Penning traps will be a good starting point for
MYRRHA. For example, Be-14 will be produced in reasonable amounts
(100 ions/s at MYRRHA).

Not primarily produced isotopes can be investigated by letting the
mother nucleus decay as, for example, in the case of the COMPLIS
experiment: Hg - Au- Pt - Os

Still, a laser ion source should be foreseen. Solid state lasers are reliable
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of Isobaric Co

1 GeV p + LaC target 10 g/cm? Silverberg & Tsao Production rates

—+—2He -—=—4Be
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—x—7N —-—80
1E+10 —+—9F —10Ne
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Resonance lonization Mass Spectroscopy

non-resonant excitation of field ionization of
ionization auto-ionizing states Rydberg-states
onivat extraction
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onance lonization Mass Spectrosc«

non-resonant excitation of field ionization of
ionization auto-ionizing states Rydberg-states

A
extraction
~G o\ == ionization f Id
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higher excited
states
Realization at ISOLDE
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RIMS Schemes for ISOLDE

B Ionized at ISOLDE RILIS

TIonization scheme tested

Tonization scheme untested

He

Ne

10
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Ce |Pr |Nd |[Pm |Sm |Eu |Gd |Tb |Dy |Ho |Er |Tm |Yb |Lu
oof 91} 920 93] 94 95| 96 971 98] 99| 100 101] 102] 103
Th |Pa |U Np |Pu JAm |Cm |Bk |Cf |Es |Fm |Md |No |Lr

The laser ion source is used in more than 50 % of
the beam time. But .....

BriX Workshop on “Nucle

there is very often at ISOLDE a contamination

by isobars which are surface-ionizable.
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Switchable
Electredes
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Hot Target
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nization of Gallium Atoms in the LIS

2000 S IV N U NI R R R R First off-line
- demonstration at Mainz
17500 Accumulation and (Klaus Wendt et al., )
; cooling:
100 laser shots .
150001 efficiency ~ 10 % Deve.lopmen’r. going on at
: Mainz, Jyvadskyld and
125007 TRIUMF
" .
10000 FWHM <7 ps = Efficient and highly
' selective ionization
75007 )
] No accumulation - . .
ho cooling: rccumulation — Suppression of isobars
50007 ions from individual no cooling:
1 laser shots every 100 ps 100 laser shots DC and bunched beams
2500 M with low emittance
0 — I’TntegratedﬁfmIon;pulses Polarized radioactive ion
0 25 50 75 100 125 150 175 200 | Dbeams by optical pumping

K. Briick, C. Geppert, F. Schwellnus, K. Wies, K. Wendt o
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uantum Electrodynamics in Extreme Electromagne
and Spectroscopy of Simple Systems
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Experimental Challenges for Highly Charged lons
at Extremely Low Energies

¢ highly charged ions of stable and radioactive isotopes

e atomic ollisions at very low velocities

e surface studies and hollow-atom spectroscopy

e laser spectroscopy of hyperfine splitting in hydrogen-like ground state
e X-ray spectroscopy of Lamb shift

e diamagnetic correction

e g-factor measurements of the bound electron

e fundamental constants: fine structure constant, mass of the electron
e mass measurements of extreme accuracy

e calibration of hyperfine fields in simple systems

e calibration of A|y(0)|? for isotope shift measurements

e polarization of radionuclides

e decay spectroscopy of highly-charged radionuclides
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dduction of Highly Charged lc

lonization by highly energetic lonization of highly energetic ions
electrons passing a target
Electron Beam lon Trap Heavy lon Accelerator
(EBIT) GSI at Darmstadt

T
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)le of the g-Factor Determination of the

cyclotron frequency

is The revolution frequency of a
charged particle in an external
magnetic field B Lorentz force and
centrifugal force are equal.

_ qion B
M ion

W

Larmor frequency

is the precession frequency of a
magnetic moment in an external
magnetic field B. It equals the
frequency required for flipping the spin.

no gain of 3 orders of magnitude

= a)c << a)L — as in the case of the free electron

g:(a)_l—
(0

c
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Set-Up for g-Factor Determination of the Bound Electron
in a Single H-Like lon
- two Penning traps:

precision trap: homogeneous magnetic field for measurement of B via
determination of the cyclotron frequency of a single ion
and induction of spin flips

analysis trap: inhomogeneous field for detection of spin direction of the
bound electron

>

‘LHe temperature:
single-ion detection
small amplitudes
extreme ultra-high vaccum
long storage time

analysis
' trap

|enuajod oLI3d9j0
| G

e precision
trap
-superconducting magnet:

high frequencies
high stability
high accuracy

GSI — University of Mainz collaboration
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Nuclear Moments and Charge Radii from Measurements
of the g-factor of the Bound Electron

NUCLEAR MAGNETIC MOMENT NUCLEAR CHARGE RADII

— _ 1/2
_g, FF+D)+JJ+D I(I+])_gl FF+D)+1(1+)—-J(3+D =  AQ,, = A(Za)§<r2>

9F

2HF+D) 2HF+)) AA
\ To lowest orders,

theory 10-° 8

Ag = _(aZ)(r/>o)*)
experiment 10 = 106 3 ©
2log(2aZv />
« |1t azyp(ar_ F*losCaZr/3o)
(r2)
Glazov and Shabaev, PL A297 (2002) 408
For the first time:
check of diamagnetic correction Exact calculations are possible!

Is there an idea for decay studies of 100% polarized hydrogen-like ions,
that are backing-free stored in a trap, cooled to 4 K and where the
beta particles are guided by the magnetic field fo detectors?
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aser Spectroscopy and Mass Spectromet

nic Chains
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Summary

Atomic physics techniques are
- accurate
- sensitive and
- deliver model-independent information on nuclear ground state properties.

Laser spectroscopy is (still) the only access to charge radii of short-lived isotopes.

Now, also the charge radii of very light nuclei are accessible. In this case, atomic
theory is essential.

Masses deliver information on all forces acting in the atom except gravitation. They are
essential in many areas of science (nuclear structure, CVC, neutrino mass, QED, ...).

Resonance ionization (mass) spectroscopy is beside co-linear spectroscopy the most
often applied laser spectroscopic technique at radioactive beam facilities.

Laser ion sources are based on RIMS. They offer efficiency, reliability and isomer
selectivity. Combined with bunching and cooling of ion beams in a segmented, gas-
filled radiofrequency quadrupole trap, the laser ion source trap (LIST) will solve the
problem of isobaric contamination.

Highly charged ions are used to test QED in extreme electromagnetic fields. Using
different charge states of the same isotope, nuclear-size effects can be made
insignificant. If QED is found to be valid, nuclear effects in simple few-electron
(radioactive) ions can be measured and safely treated by atomic theory.

Leave space for an laser ion source and an electron beam ion trap as a charge breeder,
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